Background and aims Soil alkalinity and salinity are two of the most common environmental stress factors that impact plant growth and productivity. S. corniculata is native to the saline-alkali soil of Northeast China which shows a higher alkali tolerance than other suaeda plants. It will be very important to identify the effect of salt and alkali stress on S. corniculata through proteomics and metabolomics analysis to improve understanding of the resistance of plants. Methods S. corniculata seedlings were exposed to salt and alkali stress for 72 h, respectively. Metabolic changes were quantified by conducting MS-based proteomics and NMR-based metabolomics analysis.
Results
The response of S. corniculata to salt stress was distinct from that of plants subjected to alkali stress at both physiological and molecular levels. The integrated-omic studies identified 22 and 19 differentially expressed proteins and metabolites mainly involved in carbohydrate metabolism and amino acid metabolism. Conclusions On account of the up-regulation of energy metabolism and higher accumulation of organic osmolytes, S. corniculata shows high pH resistance when it suffers alkali stress. These findings provide insights into the different regulatory mechanisms in halophyte S. corniculata response to salt and alkali stresses.
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Introduction
Soil salinization is one of the most common abiotic stressors to plant growth and productivity (Zhu 2001) . Saline and sodic soils cover approximately 10 % of total arable lands and exist in over 100 countries (Wallender and Tanji 1990) . For example, in the northeast of China, alkalinized grassland has exceeded 70 % (Kawanabe and Zhu 1991) . Compared to salt stress, alkali stress adds the influence of high pH, which can inhibit uptake and disrupt the ionic balance of plant cells (Yang et al. 2007) . With the increasing levels of soil salinization and alkalization worldwide, improving the salinity and alkali tolerance of plants is an important global priority, and in the near future it will be very important to identify strategies for improving the resistance of plants to salt and alkali stresses, so as to enable increasing the tolerance of crops to salt stress through the use of genetic engineering technologies. Suaeda species are annual euhalophytes, among the most common plants in saline and alkaline soils, which are important halophyte resources with highly succulent leaves and able to accommodate ions without the need for secretion via salt glands and are widely distributed throughout the world (Shao and Li 1998; Flowers and Colmer 2008) . More than twenty species of Suaeda have been reported for their ability to survive high salt conditions, including S. salsa (Zhang and Zhao 1998) , S. maritima (Maathuis et al. 1992; Wetson and Flowers 2010) , S. aegyptiaca (Askari et al. 2006) , S. asparagoides (Ayarpadikannan et al. 2012) , S. fruticosa (Khan and Ungar 1998) , S. glauca (Yang et al. 2008b , S. physophora (Song et al. 2006 ) and S. corniculata (Wei et al. 2012 ). In particular, recent studies of salt responsive physiology, molecular genetics, proteomics and metabolomics in S. salsa have yielded more information for understanding the complex mechanisms of Suaeda plants' salt response and tolerance (Zhang et al. 2001; Lu et al. 2003; Pang et al. 2005; Han et al. 2011; Li et al. 2011 Li et al. , 2011b Wu et al. 2012) . In previous studies of S. salsa, salt treatment caused the up-regulation of aquaporin (Qi et al. 2009 ), vacuolar Na + /H + antiporter (Qiu et al. 2007 ), V-ATPase and V-PPase , indicating that Suaeda can maintain homeostasis in water potential and ion distribution by increasing leaf succulence and compartmenting the ions. The choline monooxygenase (CMO) and betaine aldehyde dehydrogenase (BADH) genes in S. salsa which encode the enzymes involved in the synthesis of osmolytes were up-regulated under salt stress, suggesting that Suaeda plants could enhance their resistance to the osmotic stress by the accumulation of osmolytes when subjected to salt stress (Wu et al. 2012 ). In addition, salt stress accelerates the production of reactive oxygen species (ROS) in plant cells (Zhu 2001) , and halophytes such as Suaeda species can maintain the balance between formation and removal of ROS by increasing the activity of antioxidant enzyme such as SOD (Wang et al. 2004; Guan et al. 2011) , APX (Pang et al. 2005) , GPX (Wu et al. 2012) , and CAT (Pang et al. 2005; Wu et al. 2012) .
As a member of the Suaeda genus, S. corniculata is native to the saline-alkali soil of Northeast China (Guan et al. 2010 ). S. corniculata shows a higher alkali tolerance than S. salsa and can survive in saline-sodic soil with pH ranged from 10 to 15.5 (Lu and Li 1994; Liu et al. 2011a) . In this study, an integrated comparative proteomic and metabolomic approach was conducted identify the differentially expressed proteins and metabolites in S. corniculata under salt and alkali stresses, coupled with the analysis of protein function and metabolic pathways. This study is of prime interest to understand the underlying molecular mechanism of salt and alkali tolerance in S. corniculata and expand our knowledge of the metabolic processes by which Suaeda plants adapt to saline and alkaline soils.
Materials and methods
Plant material, growth conditions, stress treatment Seeds of S. corniculata were collected from a salinealkali soil area located in Zhaodong, Heilongjiang province, Northeast China. The seeds were soaked in distilled water for 2 h and sown in polyvinylchloride (PVC) cylinders filled with distilled water washed sand. Seedlings were grown in a greenhouse at 25/20°C (day/night) with a 8 h light/16 h dark photoperiod, photosynthetically active radiation 150 μmol·m and 50-70 % relative humidity and were irrigated daily by half strength Hoagland's solution (pH 6.21 ± 0.10). Four-week-old seedlings were transferred to hydroponic culture containers in half strength Hoagland's solution, which were changed daily, 12 plants were placed in each container filled with 1000 mL solution. After a week, the seedlings were treated with half strength Hoagland's solution containing 0, 100,150, 200, 300 mM NaCl (pH 6.12 ± 0.08) and 0, 50, 100, 150, 200 mM NaHCO 3 (pH 8.37 ± 0.15), the concentrations setting refer to previous studies on S.salsa, S. maritime and S. glauca (Flowers et al. 1976; Song et al. 2009 ). Five independent biological replicates were used in physiological analysis. After exposure for 72 h, the aboveground part of seedlings from control and exposed groups were randomly harvested and used for experiment, separately.
Measurement of biomass
Plants were harvested after exposure for 72 h and washed with distilled water, followed by surface drying with filter paper. After the determination of Fresh weights (FW), the samples were drying for 10 min in 105°C and dried in an oven at 80°C to a constant weight, and then dry weights (DW) was determined. Five plants of each treatment were independently carried out as biological replicates. One-way ANOVA was used to test the differences between control and each treatment followed by Tukey post hoc test. The differences were considered significant when p < 0.05.
Plants were harvested after exposure for 72 h and washed with distilled water, followed by surface drying with filter paper. The samples were oven-dried in an oven at 80°C to a constant weight. Dry samples were homogenized by powdering and 20 mg of dry samples were treated with 1 ml 10 % nitric acid for 24 h. The extract was used to determine the contents of Na + and K + with flame atomic absorption spectrometer (AAS) (TAS-986, Beijing, China). Three replicates were used for each treatment. One-way ANOVA was used to test the differences between control and each treatment followed by Tukey post hoc test. The differences were considered significant when p < 0.05.
Proteomics analysis

Protein extraction
The proteins were extracted by the acetone/ trichloroacetic acid method. Approximately 1 g fresh leaf tissue were harvested after exposure for 72 h from each treatment and ground into fine powder in liquid nitrogen. Three replicates were used for each treatment. The powder was precipitated in a 10 % (w/v) TCA, acetone solution containing 0.07 % (v/v) β-mercaptoethanol at −20°C overnight. The mixture was centrifuged at 40,000 g at 4°C for 1 h and the precipitates were washed with cold acetone containing 0.07 % (v/v) β-mercaptoethanol for three times. Pellets were dried by vacuum centrifuge and dissolved in 7 M urea, 2 M thiourea, 4 % (w/v) cholamidopropyl CHAPS, 40 mM dithiothreitol (DTT), 2 % (v/v) pharmalyte 4-7 (GE Healthcare, Waukesha, WI, USA), and 1 % (v/v) proteinase inhibitor (GE Healthcare, Waukesha, WI, USA) and shaked vigorously for 2 h at room temperature before being centrifuged at 40,000 g at 4°C for 1 h. The subsequent supernatant was collected. The protein concentration was determined using the 2D Quant kit (GE Healthcare, Waukesha, WI, USA) with BSA as a standard. Sample were frozen in liquid nitrogen and kept at −80°Cuntil further use.
Two dimensional gel electrophoresis
Two dimensional electrophoresis of protein extracts was performed using a GE Healthcare 2-DE system according to the manufacturer's manuals. Each 1300 μg protein sample was loaded by rehydration to immobiline Dry Strips (pH 4-7 linear, 24 cm) (GE Healthcare, Waukesha, WI, USA). The separation on an IPGphor II unit (GE Healthcare, Waukesha, WI, USA) was performed with the following parameters: 30 V for 8 h, 50 V for 4 h, 100 V for 1 h, 300 V for 1 h, 500 V for 1 h, 1000 V for 1 h, and 8000 V for 12 h using hydration buffer (8 M urea, 2 % CHAPS, 20 mM DTT) containing 0.6 % (v/v) IPG buffer. After isoelectric focusing, the strips were equilibrated with 10 ml equilibration buffer I containing 6 M urea, 2 % SDS, 2.5 mM Tris-HCl (pH 8.8), 30 % glycerol, and 1 % DTT for 15 min, followed with 10 ml equilibration buffer II containing 6 M urea, 2 % SDS, 2.5 mM Tris-HCl (pH 8.8), 30 % glycerol, and 4 % 2-iodoacetamide (IAA) for 15 min. The second dimension separation of proteins was performed on SDS-PAGE gel (12.5 % polyacrylamide) using Ettan™ Daltsix apparatus (GE Healthcare, Waukesha, WI, USA). The electrophoresis was carried out at 25°C and 3.5 w/gel for 30 min and then 17.5 w/gel for 4.5 h until the bromophenol blue dye front arrived at the bottom of the gels.
Image and statistical analysis
Proteins were visualized by coomassie brilliant blue R250 staining, and gel images were acquired using an ImageScanner (GE Healthcare, Waukesha, WI, USA). Image analysis was performed with ImageMaster 2D Platinum Software Version 7.0 (GE Healthcare, Waukesha, WI, USA). After automated detection and matching, manual editing was carried out to correct the mismatched and unmatched spots. Spots were considered reproducible when they were well resolved in the three biological replicates. For each matched spot, a measurement was carried out for each biological replicate, and normalized volumes were computed using the total spot volume normalization procedure of the software. The normalized volume of each spot was assumed to represent its expression abundance. A criterion of p < 0.05 and an abundance ratio of at least 2.0 were used to define significant differences when analyzing parallel spots between groups with two-way ANOVA.
In-gel digestion and MALDI-TOF/TOF analysis
Selected spots were excised from 2D gels, washed with sterile deionized water, and digested with trypsin as described previously . For MALDI-TOF/TOF MS analysis, tryptic peptides were desalted with C18 Ziptips (Millipore) and spotted onto a MALDI plate by mixing 1:1 with the matrix solution (1 % acyano-4-hydroxy-trans-cinnamic acid in 60 % ACN containing 0.1 % TFA). MS/MS spectra were acquired using a 4800 MALDI-TOF/TOF mass spectrometer (Applied Biosystems/MDS Sciex, USA). The peptide MS/MS spectra were searched against NCBI nonredundant fasta database (8,224,370 entries, downloaded on April 14, 2009) using MASCOT search engine (http:// www.matrixscience.com). Mascot was set up to search green plants only, assume trypsin digestion and one allowed miscleavage. The mass tolerance for both parent ion and fragment ion mass was set to be 0.3 Da. Iodoacetamide derivatization of Cys, deamidation of Asn and Gln, and oxidation of Met were specified as variable modifications. Unambiguous identification was judged by the number of peptides, sequence coverage, MASCOT MOWSE score and the quality of MS/MS spectra.
For the proteins identified by MASCOT, their accession numbers were directly searched against the NCBInr database (http://blast.ncbi.nlm.nih.gov/) to obtain the proteins corresponding blast information. Noncommercial databases, KEGG (http://www.genome.jp/ kegg/pathway.html), were utilized to search for protein functional classification.
Metabolomics analysis
Metabolite extraction
Polar metabolites were extracted from the leaves of S. corniculata using the solvent system of methanol/water (1/1), as described previously (Wu et al. 2011) . Six replicates were used for each treatment. The fresh leaf tissue (approximately 100 mg) was ground in liquid nitrogen with a mortar and pestle. The tissue powder was transferred to a tube containing approximate 50 ceramic beads with 1 mm diameter and homogenized in 3.33 ml g −1 methanol/water (1/1). After vortex mixing for 15 s three times, the homogenate was centrifuged at 3000 × g for 10 min at 4°C, the supernatant was removed and then lyophilized. It was subsequently resuspended in 600 μL phosphate buffer (0.1 M Na 2 HPO 4 and NaH 2 PO 4 , including 0.5 mM TSP, pH 7.0) in D 2 O. Before being centrifuged at 3000 g for 5 min at 4°C, the mixture was vortexed for 15 s, and then the supernatant substance (550 μL) was pipetted into a 5 mm NMR tube for following NMR analysis.
NMR analysis
Extraction analysis of S. corniculata leaf tissue was performed with a Bruker AV 500 NMR spectrometer at 500.18 MHz (at 298 K) (Wu et al. 2012) . One dimensional (1D) 1 H NMR spectra were obtained with the following parameters: 11.9 μs pulse, 6009.6 Hz spectral width, 0.1 s mixing time, and 3.0 s relaxation delay with standard 1D NOESY pulse sequence, with 128 transients collected into 16,384 data points. Datasets were zero-filled to 32,768 points, and exponential linebroadenings of 0.3 Hz were applied prior to Fourier transformation.
Data processing and statistical analysis
All 1 H NMR spectra were phased, baseline-corrected, and calibrated (TSP at 0.0 ppm) using TopSpin (version 2.1, Bruker). Metabolites were assigned and quantified following the tabulated chemical shifts (Wu et al. 2011 Ji et al. 2013 ) and using the software Chenomx (Evaluation Version, Chenomx Inc., Canada). We used principal components analysis (PCA) in this work for the separation of control and different salt exposed groups. PCA is an exploratory unsupervised pattern recognition (PR) method that calculates inherent variation within the data sets without use of the class membership. The algorithm of PCA calculates the highest amount of correlated variation along principal component (PC1), with subsequent PCs containing correspondingly smaller amounts of variance. For each model built, the loading vectors for the PCs could be used for the identification of the contributive metabolites (metabolic biomarkers) for the clusters (Xu 2004) . Data were statistically analyzed using SPSS 13.0. All of the treatments were replicated six times, means and calculated standard deviation (SD) were reported. For test statistical significance (p < 0.05 and p < 0.01) of separations between the control and treated groups, Tukey HSD-test was performed of different samples.
Result
Plant growth response to NaCl and NaHCO 3 stress At low concentrations NaCl and NaHCO 3 treatment, S. corniculata was fresh and green, but it showed severe wilting and tended to be unwell at 300 mM NaCl and 200 mM NaHCO 3 treatment. FW of S. corniculata were decreased slightly at 100 mM NaCl, but decreased markedly with increasing NaCl concentrations under salt stress (Fig. 1a) . With increasing NaHCO 3 concentrations, the FW of S. corniculata decreased significantly (Fig. 1b) . DW of S. corniculata were decreased slightly by both NaCl and NaHCO 3 stress (Fig 1) . Under 300 mM NaCl and 200 mM NaHCO 3 treatment, the stress reduced the FW of S. corniculata by 55.7 % and 61.7 %, respectively, and reduced the DW of S. corniculata by 39.1 % and 31.9 %, respectively. Given this evidence that, 300 mM NaCl and 200 mM NaHCO 3 have severe shock effects on plants, 150 mM NaCl and 150 mM NaHCO 3 were selected as the salt and alkali stress for 2-DE and metabolic analysis.
Effects of NaCl and NaHCO 3 stress on Na
The Na + contents of S. corniculata increased with increasing salinity and alkali levels under both NaCl and NaHCO 3 stresses (Fig. 2) . K + contents were much lower than in the controls at the lowest dose of both stresses, and decreased with increasing NaCl treatment intensity, but did not change obviously under NaHCO 3 stress with increasing alkalinity (Fig. 2) . The K + /Na + ratios of S. corniculata under NaCl and NaHCO 3 treatment were much lower than in the controls, whereas the changes in the K + /Na + ratio under NaCl stress were much higher than under NaHCO 3 stress.
Comparative proteome analysis
Four-week-old seedlings of S. corniculata were treated with 150 mM NaCl and 150 mM NaHCO 3 for 72 h. To investigate the temporal changes of protein profiles in response to NaCl and NaHCO 3 stress, 2-DE gels from three biological replicates were analyzed to detect proteins extracted from the leaves of control and treated seedlings (Fig. 3, Supplementary Figure S1 and S2). More than 1000 protein spots were reproducibly detected on gels by the Melanie 7.0 software. The data showing significant difference between control and treatment at 0.05 level were considered up-or down-regulated protein spots. Quantitative image analysis revealed that a total of 30 protein spots changed significantly in abundance (Vol%) by >2.0-fold. MALDI-TOF/TOF MS analysis of these spots was successfully performed, and the mass spectra were searched against the NCBInr database using the Mascot search engine. In total, 22 proteins were successfully identified from the 30 differentially expressed protein spots and are listed in Tables 1 and 2 (Supplementary Table S3 ). Among the 22 proteins, 10 proteins were observed as being differentially expressed under NaCl treatments and 12 proteins under NaHCO 3 treatments (Fig. 3a) . In addition, the expression abundance of one protein was modulated both by NaCl and NaHCO 3 treatments, but it shows different regulation patterns under the two types of salt stress. According to KEGG pathway analysis of the protein cell function categories, the functions of these proteins could be classified into seven groups including carbohydrate metabolism, energy metabolism, photosynthesis, nucleotide metabolism, protein synthesis, stress and defense, and unknown (Fig. 4) .
All of the differentially expressed proteins that responded to NaCl stress revealed a relatively decreased abundance in S. corniculata. Only a small portion of these identified proteins were induced by NaHCO 3 treatments. We found that three of them, namely RuBisCO large subunit-binding protein (spot 572) and chloroplast RNA binding protein (spot 1008), which functions in photosynthesis, and ATP-dependent zinc metalloprotease (spot 642), which is correlated to protein processing, showed significant increases in their expression abundance.
Metabolic response
Through proteomics analysis, we have observed many differentially expressed proteins involved in various cellular metabolism pathways. To gain more insights into the modulation of metabolic processes in the S. corniculata response to salt and alkali stress, NMR analysis was conducted to detect the metabolic changes between the control and treated samples with 150 mM NaCl and 150 mM NaHCO 3 for 72 h. A representative 1 H NMR spectrum of the leaves of S. corniculata extracts is shown in Fig. 5 (Supplementary Figure S4) . PCA results from the analysis of NMR spectral data showed alkali-exposed samples were clearly separated from control and salt-exposed samples along PC1 axis (p < 0.05) from the PC scores plot (Supplementary Figure S5) . A total of 19 metabolites were identified in the leaves of S. corniculata involved in various metabolite classes, including nine amino acids (valine, glycine, alanine, leucine, isoleucine, glutamine, glutamate, aspartate and threonine), three energy storage compounds (sucrose, glucose and fructose), four intermediates in the tricarboxylic acid (TCA) cycle (malate, succinate, 2-oxoglutarate, and fumarate), one organic (Fig. 6) . Except sucrose and alanine, the other metabolites exhibited no significant differences under NaCl stress. Among the rest of these metabolites, only betaine displayed up-regulated abundance and the remaining 15 metabolites were down-regulated after NaCl treatment. In contrast, 11 of 19 metabolites were significantly changed under NaHCO 3 stress. Almost all of these metabolites were up regulated by NaHCO 3 treatment, and only one metabolite (sucrose) was downregulated. Compared with the metabolic expression of S. corniculata under NaCl stress, 16 of 19 metabolites (except sucrose, threonine and dimethylamine) showed significant up-regulation in NaHCO 3 -treated plants (Fig. 6) .
Discussion
Comparing alkali stress with salt stress, the high pH environment that surrounds the plant root can cause the precipitation of metal ions and phosphorus, greatly affecting the absorption of inorganic anions and disrupting the ionic balance and pH homeostasis in plant tissues (Shi and Zhao 1997; Yang et al. 2007 Yang et al. , 2008c . It is understood that currently, only a few plant species of alkali-resistant halophytes can survive in saline and alkaline land (Zheng and Li 1999; Yang et al. 2008a ). In our study, under 150 mM NaHCO 3 and NaCl conditions, the fresh weight of S. corniculata declined slightly, the plants responded to alkali and salt stress by a significant inhibition of growth with increasing concentration treatment, and the phenotype changes caused by NaHCO 3 stress were more obvious than the results of NaCl stress. These results indicated that the injurious effects of alkali stress on the growth of S. corniculata were more severe than for salt stress, which was consistent with previous reports (Li et al. 2009; Guo et al. 2009 ).
Under salt stress, Na + competes with K + for uptake into plant roots through the high affinity K + transporter and non-selective cation channels (Munns 2002; Munns and Tester 2008) . The Na + contents of S. corniculata increased with increasing salinity and alkali levels under both NaCl and NaHCO 3 stresses (Fig. 2) , but Na + accumulation in NaHCO 3 -treated plants was lower than in NaCl-treated plants. It is suggested that alkali stress may attributable to an inhibitory effect of high pH on the absorption of inorganic anions (Munns and Tester 2008). The converse situation in K + contents change mode under NaCl stress, it decreased with increasing NaCl treatment intensity. In the NaHCO 3 -treated plants in our study, the K + contents were clearly lower than control, but did not change significantly with increasing alkalinity (Fig. 2b) . These results were consistent with the analysis of the responses of the alkali-resistant halophytes S. glauca and Puccinellia tenuiflora to salt and alkali stresses (Yang et al. 2008b; Guo et al. 2010 ). It should be emphasized that the K + contents did not change significantly between different level alkali stresses, which indicated that there might be no competitive inhibition between Na + and K + absorption in S. corniculata under alkali stress, suggesting that this plant might have a unique pathway of Na + absorption independent of the K + pathway, and that separation might be related to the resistance of alkali stress in S. corniculata. To gain insight into the proteomic and metabolomic responses of S. corniculata towards alkalinity and salinity, we identified some differently expressed proteins and metabolites involved in a variety of cellular processes, mainly including carbohydrate metabolism, energy metabolism, photosynthesis, protein synthesis, stress and defense. A better understanding of these analysis data may help to determine the global responses to salt and alkali stresses in S. corniculata based on the modulation of certain key biological processes by salinity and alkalinity.
Carbohydrate metabolism Based on our observations, two metabolizing enzymes, aldehyde dehydrogenase (spot 549) and plastid transketolase (spot 672), involved in the glycolysis and pentose phosphate pathways were down-regulated under salt stress. Transketolase catalyzes reactions in the oxidative pentose phosphate pathway and produces erythrose-4-phosphate, which is a precursor for the shikimate pathway leading to the phenylpropanoid metabolism (Henkes et al. 2001) . It has previously been reported that plastid transketolase exhibits opposite expression patterns in glycophytes and halophytes under salt stress (Kim et al. 2005; Yu et al. 2011) . Aldehyde dehydrogenase catalyzes the oxidation of aldehydes to their corresponding carboxylic acids and requires NAD or NADP as a co-factor (Sunkar et al. 2003) . Moreover, our metabolomics data showed slight decreases in three intermediates of the tricarboxylic acid cycle (TCA cycle), 2-oxoglutarate, malate and fumarate, after salt treatment (Fig. 7) . This result is consistent with the metabolic profiles of the S. salsa response to salinity (Wu et al. 2011) . The down-regulation in these metabolites indicated that salinity induced disturbances in the TCA cycle. Taken together, these results might indicate that the carbohydrate metabolic pathways related to energy supply were inhibited by salt stress in S. corniculata.
We also found that two key enzymes involved in the glycolysis pathway glyceraldehyde-3-phosphate dehydrogenase (spot 330) and fructose-bisphosphate aldolase (spot 737) decreased in abundance following NaHCO 3 treatment in S. corniculata. Glyceraldehyde-3-phosphate dehydrogenase catalyzes the conversion of glyceraldehyde-3-phosphate to 1, 3-diphosphoglycerate. Fructose-bisphosphate aldolase is a type of lyase that catalyzes the interconversion of 1, 6-diphosphate, dihydroxyacetone phosphate and glyceraldehyde-3-phosphate. Being in a different situation from P. tenuiflora, these two enzymes were all induced under alkali stress . Interestingly, our study demonstrates that the content of four intermediates in TCA cycle, 2-oxoglutarate, malate, fumarate and succinate were increased by more than four-fold (Fig. 7) . In addition, a decrease in sucrose and increase in glucose and fructose were observed, indicating an up-regulation of the conversion of sucrose to glucose and fructose was induced by alkalinity exposure. Combined with the heightened TCA cycle activity, these results suggest that the degradation of sucrose may supply more substrate for the TCA cycle to generate extra energy, which is beneficial to S. corniculata under alkali stress. This result implies that the intensity of the interaction between the sugar metabolism and the TCA cycle is strengthened by alkalinity.
Photosynthesis
The primary step in energy production in the biosphere, photosynthesis, is inhibited by salt and alkali stress (Ma et al. 1997; Yang et al. 2009 ). Photosynthetic capacity has been observed to be much lower under both salt and alkali stresses than in control plants in the glycophytes wheat and barley, and the inhibition was more severe under alkali stress than salt stress (Yang et al. 2008c ). However, the situation is different in the halophyte Chloris virgata, whose photosynthetic properties were not influenced by salt and alkali treatment below 160 mM (Yang et al. 2008a) . Our previous study analyzed the photosynthesis and chlorophyll fluorescence parameters of S. corniculata seedlings under different concentrations of salt or alkali stress, and the results indicated that the photosynthesis of S. corniculata seedlings exhibited no significant difference under low salinity stress compared with the control plants, whereas it was inhibited by high salinity and alkalinity (Wei et al. 2012) . Similarly, Fv/fm, Fv'/Fm', qL, and φPSII were not affected by salt stress in S. salsa and S. aegyptiaca of the Suaeda plants (Lu et al. 2003; Askari et al. 2006) .
In this work, we found two and three differentially expressed proteins related to photosynthesis in S. corniculata response to salt and alkali stress, respectively. Chloroplast RNA binding protein (spot 1015, spot 183 and 1008) was down-regulated by both treatments. Chloroplast RNA binding protein (cRBP) represents good candidate for mediating the function of nucleus-encoded factors which mainly regulate chloroplast gene expression at the posttranscriptional level (Nickelsen 2003) . In the halophyte Mesembryanthemum crystallinum, cRBP was increased under salt stress at the transcript level, but it is unknown whether the protein abundance was affected (Breiteneder et al. 1994) . Interestingly, we also found that the RuBisCO large subunit-binding protein subunit beta (spot 572) was up-regulated by alkali treatment. This protein binds non-covalently to rubisco large subunits and is implicated in the assembly of RuBisCO in higher plant chloroplasts (Musgrove and Ellis 1986) . In a large-scale expressed sequence tag analysis of halophyte Tamarix hispid to examine salinity-alkali stress responses, the abundance of RuBisCO was significantly up-regulated under NaHCO 3 stress for 52 h ). Proteomics analysis of P. tenuiflora showed that RuBisCO was suppressed after either salt or alkali stress . In contrast, the RuBisCO assembling protein was induced by alkali stress in S. corniculata which could positively impact the expression of RuBisCO. This result is consistent with our previous findings that the leaf intercellular CO 2 levels in S. corniculata increased under NaHCO 3 stress (Wei et al. 2012) , which implied that this stress might enhance the CO 2 fixation by RuBisCO and improve the photosynthetic capacity. These results suggested that the modulation of photosynthesis might contribute to the ability of S. corniculata to cope with alkalinity.
Protein processing and amino acid metabolism
Proteomics studies revealed that the expression of many components of protein synthesis machinery are altered under salt stress conditions and suggested that protein synthesis plays a vital role in abiotic stress adaptation Witzel et al. 2009; Pang et al. 2010) . Our study demonstrated that serine carboxypeptidase (spot 181) and pollen allergen MetE (spot 717),respectively related to protein processing and amino acid metabolism were down-regulated under salt stress. Metabolomics analysis demonstrated that alanine which was the cross center of amino acid metabolism was decreased in S. corniculata with salinity exposure (Fig. 7) . This results is consistent with findings in S. salsa and Thellungiella salsuginea (Lugan et al. 2010; Wu et al. 2012) . These results suggest that salinity restrain amino acid metabolism in S. corniculata which may lead to a reduction of organic acids because it would lessen the capacity of osmotic adjustment under salt stress. In alkali treated plants, we observed that ATPdependent zinc metalloprotease FTSH 2 (spot 642) was more abundant in S. corniculata. It has been reported that FTSH is the only membrane-bound ATP-dependent protease that functions in the efficient degradation of proteins and is also involved in protection against environmental stress (Yoshioka et al. 2006) . The up regulation of ATP-dependent zinc metalloprotease FTSH in our study may indicate that it can help to degrade the incorrectly folded proteins, which may be a self-protection mechanism in S. corniculata response to alkali stress. In support of this possibility, we also found that amino acids including glycine, isoleucine, glutamate, glutamine and aspartate were highly accumulated in S. corniculata under alkali stress (Fig. 7) . The high level organic acids may compensate for the ionic imbalance induced by alkalinity and improve the osmotic adjustment through the accumulation of free amino acids for coping with alkali stress in S. corniculata.
Other
The accumulation of organic osmolytes, such as proline, glycine betaine, and sugar alcohols, is essential in maintaining the low intracellular osmotic potential of plants and in preventing the harmful effects of salinity stress (Verslues et al. 2006 ). According to our study, betaine and choline were highly accumulated in S. corniculata, with significant induction by alkali stress. The conversion of choline to betaine aldehyde by choline monooxygenase is a key step in the betaine biosynthesis pathway (Peel et al. 2010 ). The accumulation both of betaine and choline indicates the enhancement of betaine biosynthesis. In accordance with this finding, we also found that soluble sugars including fructose and glucose were more abundant in S. corniculata under alkali stress than in salt-treated plants. Taken together, these findings account for the positive modulation of osmotic adjustment in S. corniculata, which may be a key regulatory mechanism in S. corniculata to withstand alkalinity.
Conclusions
We performed integrated proteomics and metabolomics analyses to examine the different molecular mechanisms in the S. corniculata response to salt and alkali stress in this study. Our observations successfully identified, 22 proteins and 19 metabolites involved in several metabolic pathways. The down-regulation of certain key enzymes and intermediates demonstrates that carbohydrate metabolism, photosynthesis and the TCA cycle, all related to energy supply were inhibited by salt stress. The higher abundance of monosaccharides and intermediates of the TCA cycle accumulated in S. corniculata under alkali treatment provided more energy source for the plant to counteract the adverse effects of alkalinity. The levels of free amino acids exhibited contrasting changes in response to salt and alkali stress. Compared with salt treatment, the accumulation of organic osmolytes was much higher in alkali-treated plants. These results revealed that different regulatory mechanisms were used in the halophyte S. corniculata to adapt to salt and alkali stress. In particular, the up-regulation of energy metabolism and higher accumulation of organic osmolytes indicate that S. corniculata possess high pH resistance to alkali stress.
